Abstract: A finite element-based bone remodeling study in human was conducted in the lumbar spine. This was done to examine the validity of the bone remodeling algorithm by comparing to experimental data. A non-linear 3-D finite element model of the normal ligamentous lumbar spine of L3 to L5 was generated. Two different material configurations were assigned to the finite element model. Two analyses with the non-site specific iterative bone remodeling algorithm were conducted with strain energy density as remodeling signal. The experimental data was bone mineral content measurements in the lumbar spine of 87 test subjects. The finite element-based bone remodeling data were compared to the experimental bone mineral content data. For both bone remodeling analyses there were a statistical significant difference between the bone remodeling data and experimental data for 6 out of 8 regions of interest. The bone remodeling data showed too small agreement to confirm the validity of the bone remodeling algorithm.
INTRODUCTION
Many scientific papers have been published concerning adaptive bone remodeling (BR) algorithms [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . BR has been used as a mathematical method to predict changes in bone stock, when inserting different prosthesis designs to obtain an optimal design [12] . It seems, however, that the general focus has been on elaborating on the mathematical theories with little subsequent experimental evaluation -not at least in the spine [1] [2] [3] , but even in the hip and knee, where the majority of the studies have been conducted [4, 8, 9] . Some studies have had no experimental data at all [2, 3, 13, 14] and some studies have used inconsistent experimental data with small sample sizes [4, 8] . Additionally, some papers have been uncritical when validating the BR algorithm accepting large differences between the BR and experimental data [1, 4] . Based on these circumstances, we undertook an evaluation study in a previous publication [15] . We compared systematic experimental prospective bone mineral content (BMC) data in the operated spine with resembling data generated using the adaptive BR algorithm [15] . There were unexpectedly no agreement between the experimental BMC and generated BR data, and we could not confirm the BR algorithm hypothesis. However, the number of included patients was small, so the impact of the study could be questioned. For this reason, we found it relevant to perform yet another study this time including a larger number of test subjects. In this study we included 87 healthy human test subjects in a cross-sectional BMC study in the lumbar spine. As in our previous study we applied the finite element-based (FE) iterative BR algorithm to the lumbar spine, and did a comparison between results from the FEbased BR algorithm and the experimental BMC measurements for a broader evaluation of the BR algorithm.
code to handle the large amount of data. The FE model had a total of 14512 volumetric elements. All volumetric elements were high order tetrahedral elements. The Young's modulus for cortical bone was set to 12000 MPa and had a Poission's ratio at 0.3. There were two FE models in regards of the material properties for trabecular bone; one with a uniform distribution of Young's modulus of 100 MPa and a Poission's ratio at 0. Fig. (2) . The material properties of the 8 ROI were based on BMC measurements of the 87 test subjects. They were generated by conversion of BMC data to compressive modulus based on a mathematical relationship from the study by Keller et al. (1989) [17] ; S = 1.30 * BMC dexa 2.00
The relationship had a correlation coefficient of 0.90 (r2=0.90). The material properties of L3 and L5 were also based on the BMC data, but had one uniform material property within each vertebral body (see Table 1 ).
The FE model also consisted of the intervertebral discs between L3-4 and L4-5. They were divided into a nucleus and an annulus fibrosis. The nucleus was defined as an incompressible fluid. The annulus fibrosis consisted of 4 concentric rings of fibres embedded in ground substance. The thickness of the fibres increased from the innermost layer outwards with the square of the distance to the disc centre in accordance with Smit et al. (1999) [18] . The overall volume of the fibres was 16 % of the annulus volume in accordance with Shirazi-Adl (1984) [19] . The fibres were modelled in a criss-cross pattern with linear 2-node uni-axial elements (TRUSS3D). The ligamentous structures consisted of 7 ligaments. The bony insertion points of the ligaments were connected manually. The ligaments were modelled with TRUSS3D elements with material non-linearity. Since tension forces were relatively low while at rest, the ligaments were assumed to be initially unstressed and were defined to be active in tension only according to Shirazi-Adl (1986) [20] . Cross-sectional area of the ligaments was adapted in accordance with [21] . The facet joints were also included in the FE model. They were defined with 3 dimensional non-linear node-to-node contact elements (GAP) and had an average of 19 elements each. The effect of the compliant facet cartilage layer was incorporated by nonlinear TRUSS3D elements active in compression only [22] . The FE model is described in detail and validated by comparing results to experimental Instron® tests in a previous published study [23] . Convergence test for the FE model was performed. This was performed to ensure, that the FE model had an appropriate number of elements. When this test is performed, the number of elements in the FE model is increased until a certain point, where the calculated results converge to the one exact solution, thus giving the appropriate number of elements to use for the FE model.
The load cases used were a simulation of a 'daily loading cycle'. It consisted of three separate load cases. These were applied to the superior layer surface of L3 and consisted of an uni-axial compression load of 424.7 N, a 10 Nm flexion and 10 Nm extension moment load for the BR algorithms in accordance to Grosland et al. (1998) [3] , who performed a similar BR study. The FE models were constrained on the inferior surface of L5. Non-linear static analyses were performed for all three load cases.
FE-based Adaptive Bone Remodeling
In this study we used the non-site specific iterative BR algorithm proposed by Huiskes et al. (1987 Huiskes et al. ( , 1989 [5, 6] . The following sets of equations were used to simulate the BR process:
St,i was the actual BR signal for the specific location, i, to be remodelled at the time t. The BR signal was determined for the daily loading cycle as the strain energy density (SED) for the location i over the apparent density. The BR constants ( and ) were unknown, since they have never been experimentally verified. They were arbitrarily set to 1 as in earlier studies of the spine [1, 2] . The time constant was determined in a way that the maximal change in density did not exceed 0.25 of the density of the previous BR iteration in accordance to Goel et al. [1, 2] . The time constant and the BR constants together determined the rate of the remodeling process; however, the changes in density had to be kept small to control the BR algorithm and this ensured that the BR data converged to the exact solution, thus giving the appropriate number of iterations to use for the BR algorithm. s represented the dead zone, where no BR was taking place and was set to 0.75 in accordance to Huiskes (1993) [8] . The dead zone was the threshold level, where the changes in the biomechanical scenario would not give rise to BR changes in the bone. This simulated the homeostatic situation, where daily living occur. The reference signal, Sref, was taken as the average SED for the FE model [1, 6] . The BR algorithms were applied to the middle vertebral body of L4, since the boundary conditions were applied on the adjacent vertebrae. The processes of FE analysis and BR were iterative, and repeated until the total SED reached a minimum 1. This was the criterion of convergence for the BR process to be regarded as the ideal mathematical state for process of osteogenesis.
Dual Energy X-Ray Absorptiometry of the Lumbar Spine
The experimental part of the study was performed using the XR-26 Mark II dual energy x-ray absorptiometer. The bone densitometer was calibrated every morning using a 77-step calibration standard according to the recommendations of the manufacturer. Test subjects were voluntary members of staff, medical students and patients of the University Hospital of Copenhagen. Informed consent was obtained from every test subject. None of the test subjects had previous surgery of the spine, medical disease or medication known to affect the bone quality. Eighty-seven healthy subjects were included. All test subjects were scanned once. They had a mean age of 39.3 years (range 21-70), and the female:male ratio was 1:1. The subjects had a mean height and weight of 173.76 cm and 72.13 kg, respectively. All measurements of the healthy test subjects were performed using the anterio-posterior (AP) spine scan option of the bone densitometer. This was a semi-automatic procedure, which ensured the test subjects were placed in the same way.
RESULTS
The cross-sectional BMC measurements from the eightyseven test subjects are listed in Table 1 . The table includes the mean BMC measurements and calculated compressive moduli for the third, forth and fifth lumbar vertebrae. The bone remodeling algorithm was evaluated by comparing simulated BMC data for the two FE models and BMC data for the 8 ROI. Convergence for the non-site specific BR algorithm was achieved when reaching a global minimum at iteration number 7 for the subdivided FE model and 43 for the uniform FE model. The FE-based and experimentally measured BMC data are compared in Fig. (3) .
In Fig. (3) the BMC data are represented by the mean and 95% confidence limits for the mean. The mean of the BMC data were significantly different for both the subdivided and the uniform FE model in all regions except in region IL and IR
DISCUSSION
The purpose of this study was to evaluate the validity of the adaptive FE-based bone remodeling algorithm using SED as remodeling signal. We included an experimental material of rather large size with a representative distribution in age and gender to substantiate the hypothesis. This has never have been done before for the purpose of evaluation of the BR algorithm. We found a significant difference within 6 out of 8 ROI, when comparing experimental BMC data with data from the FE-based BR algorithm. Therefore we could not confirm the validity of the BR algorithm. This result confirms an earlier study by this group, where there were no similarities between prospective experimental data in the operated spine compared to data of the BR algorithm [15] . Even so, we have had considerations concerning the set-up of the present study as it could be thought to cause some degree of influence to the bone remodeling algorithm, thus to the comparison of experimental data, which would influence the conclusion above. The FE-based bone remodeling algorithm may be influenced by several factors. Weinans et al. (1989) divided the factors into three [24] , and the implications of the factors are discussed below:
The Geometric Configuration
External remodeling of the shape of the vertebral body was not carried out. However, the geometric model in this study was set up to resemble a general representative model in dimensions and shape. This coincides with the experimental material of this study, which also was a general representation of the material data. Also, an earlier study has shown, that external bone remodeling only change the shape marginally, indicating that it would have equally minor influence on the internal bone remodeling algorithm [1] .
The Loading and Boundary Conditions
The loads in this study were chosen in accordance with previous BR studies [1, 3] . Studies examining spinal loads indicate that much higher loads take place in vivo [25] . Furthermore, mechanical boundary conditions as the spinal muscles increase stability and decrease stresses in the spine [26, 27] . The muscles were excluded in this study. The full range of daily activities was represented by three load cases in this study. This must be considered to be a simplified average estimate, thus affecting the BR algorithm.
The Density Distribution
The initial material distribution has been shown to affect the iterative BR results [9, 24] . Several factors might have affected the material distribution of the spine, which was based on BMC measurements; the use of scanner type (DEXA or DPA) [17] , the error of rotation in the BMC scans, the precision in measuring the ROI's and the material distributions determined by mathematical approximation. However, we included both the experimental heterogeneous BMC-based material distribution and a uniform homogenous material distribution to examining the effects of different material distribution. Indeed all mentioned factors have an impact on the FE-derived stress and strain results thus influencing the FE-based BR algorithm.
Several factors of the mathematical BR algorithm could cause the differences in the comparison to the experimental data. SED was used as the striving BR signal. Other remodeling signals could as well have been used in the remodeling algorithm thus affecting the density distribution 28. However, SED was used as BR signal as it seem to be the remodeling signal with best experimental verification of its influence [1, 5, 7, 28] . Huiskes et al. (1992) examined the effects of the dead zone by increasing bone reactivity. He found that the total bone loss increased, but the pattern of bone loss was similar [12] . Furthermore, the time constant was variable, determining the change in density in each time step and controlling the rate of convergence. Especially if the time constant was overestimated, it could affect the density distribution. However, we ensured an adequate time constant by performing additional iterative BR cycles both before and after the convergence criterion with even lower values for the time constant. This ensured that a global minimum was reached instead of a local minimum.
Notwithstanding these reservations mentioned above it appeared that the FE-based BR and experimental BMC data had a statistical significant difference for the regions of interest. Conclusively, too small agreement was seen between FE-based BR and experimental BMC data in the lumbar spine to substantiate the BR algorithm. We have now in two studies not been able to confirm the FE-based BR algorithm in the spine. This would suggest that future research in this field wisely should be focused on experimental evaluationalso in the hip and knee region. The experimental evaluation in the hip and knee region in humans seems to be somewhat unsystematic and uncritical. For example Van Lenthe et al. They used the contralateral bone as a reference for the BR simulation, assuming bilateral symmetry and measuring the contralateral bone after implantation of the prosthesis and after harvesting the animals [7, 11] . Furthermore, some studies have accepted large differences between predicted and experimental data, still claiming coherency between the FE-based BR and experimental data [1, 4] .
CONCLUSION
Conclusively, it is recognized that many factors (medication, disease, age, gender, metabolic and hormonal factors and more) influence the biological BR. However, they were not included since these factors are, as of yet, not fully understood. If in fact a single mechanical signal determines the biological BR as postulated in the adaptive BR algorithm, it must induce or mediate all the factors that influence the biological BR. This study could not substantiate such a bone remodeling hypothesis. However, maybe by including even more parameters some mathematical relationship between the biological BR and the mathematical remodeling algorithm could exist. Again, this study could not substantiate this hypothesis.
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